ABSTRACT A copper antimony iodide rudorffite, Cu 3 SbI 6 , was first prepared by using a low-temperature solution-processing approach. Its film absorbs 320-520 nm light and has an indirect bandgap of 2.43 eV. Solar cells with a structure of ITO/PEDOT:PSS/Cu 3 SbI 6 /PC 61 BM/Al were made, giving a power conversion efficiency of 0.50% and a fill factor of 67.09%.
INTRODUCTION
Perovskite solar cells (PSCs) using organic lead halide perovskites as light-absorbing materials have experienced a tremendous development in recent years, as perovskite materials have outstanding optoelectronic properties and can be solution-processed. In 2009, Miyasaka et al. [1] incorporated CH 3 NH 3 PbI 3 as sensitizers into dye-sensitized solar cells (DSSCs), achieving a power conversion efficiency (PCE) of 3.8%. Then great efforts have been made to crystallization methods, interface engineering, device architectures and large-area device fabrication [2] [3] [4] [5] [6] . Within just a few years, the PCE for perovskite solar cells has been boosted to 22.7% [7] , showing great promise in commercialization. Despite the fast development of PSCs [8] [9] [10] , the device stability and lead toxicity of organic lead halide perovskites are still great challenges, which will perplex the commercialization of PSCs. Thus scientists have made great effort in designing new leadfree perovskite materials and analogues recently [11, 12] .
Tin and germanium are ideal candidates for substitution of lead as they are elements of 14 group in the periodic table, and Sn 2+ and Ge 2+ have similar electronic configuration as Pb 2+ [11] . Thus Sn-based and Ge-based halide perovskites have been studied recently [13, 14] [15, 16] . Kirchartz et al. [17] used (CH 3 NH 3 ) 3 Sb 2 I 9 as the absorber of solar cells, achieving a PCE of 0.49%. Moreover, Cs 3 Sb 2 I 9 and Rb 3 Sb 2 I 9 have been studied theoretically and experimentally, and their optoelectronic properties were investigated [18, 19] . Recently, our group reported a family of lead-free perovskite materials (NH 4 ) 3 Sb 2 I x Br 9-x (0≤x≤9) [20] .
More recently, silver bismuth halide rudorffites were reported [21] . AgBi 2 I 7 with a 1.8 eV bandgap, a 3D silver iodobismuthate in a cubic Fd m 3 structure (a = b = c = 12.223 Å), was reported by Sargent group, giving a PCE of 1.22% when it was used as the light absorber of solar cells [22] . Ag 2 BiI 5 , a hexagonal crystal with space group R m 3 , presents a direct bandgap (E g ) of 1.85 eV and gives a PCE over 2% [23] . Ag 3 BiI 6 (E g =1.85 eV) with 3D R m 3 rudorffite structure was also reported. Solar cells with a structure of FTO/c-TiO 2 /m-TiO 2 /Ag 3 BiI 6 /PTAA/Au were made, giving a PCE of~4% [24] . Silver bismuth halide rudorffites are alternative materials for lead halide perovskite solar cells because of their good optoelectronic properties and good stability under ambient conditions. However, copper antimony halide rudorffites and their photovoltaic performance have not been reported before.
In this work, copper antimony halide rudorffite thin films were prepared by spin-coating followed by annealing at low temperature. Light absorption, XRD pattern and morphology of the rudorffite films were studied. Solar cells with a structure of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT: PSS)/Cu 3 SbI 6 /[6,6]-phenyl-C 61 -butyric acid methyl ester (PC 61 BM)/Al were made, giving a PCE of 0.50% and an FF of 67.09%.
EXPERIMENTAL SECTION

Preparation of rudorffite precursor
The mixed powder of CuI and SbI 3 (molar ratio 3:1) was dissolved in dimethyl sulfoxide (DMSO) with a concentration of 35 wt%. The solution was stirred at 70°C for 2 h, and then cooled to room temperature. All rudorffite precursor solutions were filtered by using a 0.45 μm polytetrafluoroethylene (PTFE) filter before being spincoated.
Characterization
Absorption spectra of the rudorffite films on glass substrates were recorded on a Shimadzu UV-1800 spectrophotometer. X-ray diffraction (XRD) patterns were obtained on D/MAX-TTRIII (CBO) with Cu Kα radiation (λ = 1.542 Å) operating at 40 kV and 200 mA. Film thicknesses were measured with a profilometer (KLA Tencor D-120). Atomic force microscopy (AFM) was performed on a Multimode microscope (Veeco) (tapping mode). Scanning electron microscopy (SEM) was performed on a Hitachi SU8220.
Device fabrication and measurements
Patterned ITO substrates with a sheet resistance of 15 Ω sq −1 was ultrasonically cleaned by using detergent, deionized water, acetone and isopropanol sequentially and then treated with UV-ozone for 10 min. 30 nm thick PEDOT:PSS (Clevios TM P VP Al 4083) films were formed by spin-coating an aqueous dispersion onto ITO substrates (4,000 rpm for 30 s). PEDOT:PSS substrates were dried at 150°C for 10 min. Then rudorffite precursor solutions were spin-coated onto PEDOT:PSS films at 4,000 rpm for 60 s, followed by annealing at 70°C for 2 min. PC 61 BM solution (15 mg mL −1 in chlorobenzene) was then spin-coated onto rudorffite films at 2,000 rpm for 30 s. Finally aluminum (100 nm) was deposited onto PC 61 BM layer through a shadow mask under vacuum (ca. 10 −4 Pa). The effective area for the devices is 4 mm 2 . The current density-voltage (J-V) curves were measured by using a computerized Keithley 2400 SourceMeter and a Xenon-lamp-based solar simulator (Enli Tech, AM 1.5G, 100 mW cm −2 ). The illumination intensity of solar simulator was determined by using a monocrystalline silicon solar cell (Enli SRC2020, 2 cm×2 cm) calibrated by NIM (National Institute of Metrology, China). The external quantum efficiency (EQE) spectra were measured by using a QE-R3011 measurement system (Enli Tech).
RESULTS AND DISCUSSION
Cuprous iodide (CuI) has low solubility in organic solvents, such as dimethyl formamide (DMF) and DMSO, which are common solvents for lead-based perovskites. However, the mixture of CuI and antimony iodide (SbI 3 ) can easily dissolve in DMSO at 70°C, since [SbI 3+x ] x− ions might form [24] . In this work, copper antimony iodide rudorffite precursor solution was prepared by dissolving the mixture of CuI and SbI 3 (molar ratio 3:1) in DMSO. Cu 3 SbI 6 films were obtained by spin-coating the precursor solution onto the substrates, then annealed at 70°C for 2 min. Cu 3 SbI 6 films present yellow color. Cu 3 SbI 6 film absorbs light at 320-520 nm and an absorption onset locates at~510 nm (Fig. 1a) . If Cu 3 SbI 6 is regarded as an indirect bandgap semiconductor, the Tauc plot is shown in Fig. 1b , and E g could be 2.43 eV. The direct bandgap is estimated to be 2.77 eV (Fig. S1) .
The X-ray diffraction (XRD) pattern of CuI powder presents diffraction peaks at 25.5°, 29.5°, 42.2°, 50.0°and 52.3° (Fig. 2) The surface morphologies for Cu 3 SbI 6 films were studied by SEM and AFM. Though Cu 3 SbI 6 films prepared without annealing and with annealing at low temperature look uniform (Fig. S2) , their nanoscale morphologies in SEM images are quite different. The film without annealing exhibits flocculus-like structure (Fig. 3a) . After being an- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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January 2019 | Vol. 62 No. 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .55 nealed at 70°C, the film presents evenly-distributed nanograins with diameters around 50 nm (Fig. 3b) . As annealing temperature increases to 100°C, many agglomerates and voids formed in the films, which might result from Cu 3 SbI 6 decomposition ( Fig. 3c and Fig. S3c ). The morphology change was also observed in AFM images (Fig. S4) . The film annealed at 70°C looks quite uniform with evenly-distributed nano-structures, and its rootmean-square (RMS) roughness is 0.17 nm. The films prepared without and with annealing at 100°C are rougher, having RMS roughness of 0.25 and 1.51 nm, respectively. Solar cells with a structure of ITO/PEDOT:PSS/ Cu 3 SbI 6 /PC 61 BM/Al were made to investigate the photovoltaic properties of Cu 3 SbI 6 (Fig. 4a) . The J-V characteristic of Cu 3 SbI 6 solar cells is shown in Fig. 4b . An open-circuit voltage (V OC ) of 0.704 V, a short-circuit current density (J SC ) of 1.05 mA cm −2 , a fill factor (FF) of 67.09% and a PCE of 0.50% were obtained. The annealing temperature and time for Cu 3 SbI 6 film were optimized (Tables S1, S2 ). The best annealing temperature is 70°C. The thickness of Cu 3 SbI 6 film was optimized (Table S3 ) and 135 nm Cu 3 SbI 6 film gave the best performance. Thicker active layer could absorb more light, producing more photocurrent. PCE decreases when the thickness of Cu 3 SbI 6 film is further increasing, which results from charge recombination and higher resistance. The EQE spectrum shows a maximum of 21.55%, and it yields an integrated current density of 0.9 mA cm −2 (Fig. 4c) . The stability for Cu 3 SbI 6 solar cells was studied when stored in a N 2 glovebox (O 2 <10 ppm; H 2 O <0.1 ppm). The PCE remained >87% of the initial value after 40 days, indicating good device stability (Fig. S5) .
To understand the charge recombination in the material, the variation of J SC with light intensity (I) was studied (Fig. S6) . The relationship between J SC and I can be described by the formula J SC ∝I α [25] . If all free charge carriers are swept out and collected at electrodes prior to ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   56 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Fig. S7) . The slope is 1.34 kT/q, where k is Boltzmann constant, T is the temperature in Kelvin and q is the elementary charge, suggesting that less monomolecular recombination was involved [26] .
CONCLUSIONS
In summary, copper antimony iodide rudorffite Cu 3 SbI 6 was developed and its films were prepared via spincoating followed by annealing at low temperature. Cu 3 SbI 6 film absorbs 320-520 nm light. The annealing condition and the device performance were optimized. A PCE of 0.50% and an FF of 67.09% were obtained from the Cu 3 SbI 6 solar cells. 
